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FOREWARD

This report is the result of one of the many projects nanaged
and cost shared by Avondal e Shipyards, Inc. under the auspices of
the National Shipbuilding Research Program The program was a
cooperative effort with the Transportation Department, Mritine
Adm nistration Ofice of Advanced Ship Devel opnent.

On behal f of Avondal e Shipyards, Inc., M. John Peart was
the Program Manager responsible for technical direction and publica-
tion of the final report. Program definition and guidance were
provided by the nembers of the Society of Naval Architects and Marine
Engi neers Ship Production Commttee Panel 023-1 Surface Preparation
and Coati ngs.

The experimental work described in this report took place at
the OCcean City Research Corporation laboratory in Ccean Cty, New
Jersey under the direction of M. George A Cehring, Jr.

The research study continued an investigation into the feasibility
of applying calcite-type coatings to segregated seawater ballast tanks.
It is anticipated that the calcite coating approach could substantially
reduce ballast tank coating costs. The overall objective of the
National Shipbuilding Research Program is to reduce shipbuilding-
related costs in U S. Shipyards.



EXECUTI VE SUMVARY

The shipbuilding industry has directed nmuch effort toward
ways of limting escalating coating costs. O special concern
W th respect to increasing coating costs are segregated seawater
bal | ast tanks. The use of a calcite-type coating instead of a
traditional organic-type maintenance coating represents a possi-
ble alternative approach for controlling corrosion in the seg-
regated tanks with a substantial savings in cost. As a result,
Avondal e Shi pyards acting on behalf of the Maritine Adm nis-
tration under the National Shipbuilding Research Program au-
thorized the Ocean City Research Corporation to undertake a
foll owup | aboratory study which continued investigating the
feasibility of applying calcite-type coatings to segregated
bal | ast tanks.

The | aboratory tests denonstrated the beneficial effect of
solution velocity and/or turbul ence on the deposition of tena-
cious calcite filns. The work al so showed that deposition of
calcite filns from a quiescent solution can be achieved through
the use of a cathodic current in conjunction with the proper
solution chemstry. \ile these films grow to be only 3-4 roils
thick in a reasonable tinme, further laboratory tests indicated
their tenacity as well as their thickness can be inproved by
noderate agitation of the solution. These results suggest the
possibility of calcite coating ballast tanks and encourage
further research into devel oping suitable techniques.



TAELE |

TABLE ||

FI GURE 1

FI GURE 2

FI GURE 3

FI GURE 4

FI GURE 5

FI GURE 6

FI GURE 7

FI GURE 8

FI GURE 9

LI ST OF TABLES AND FI GURES

Test Matrix for Investigating Zeta Potenti al
Ef fects.

Test Matrix for Investigating the Effects of
Cathodic Current Used in Conjunction with Various
Solution Chem stries.

Rotating Di sk Apparatus.

Tank Set-up for Rotating Disk Imrersed in
Supersaturated Calcite Solution.

G aphical Representation of the pH “Wndow'
Associated with Zeta Potential.

Appearance of a Rotating Square Electrode after %
1, 2, 3, 4, and 11 Hours Exposure.

(a) SEM Photom crograph of the Surface of the
Rotating Square Coupon Shown in Figure 4a.
(300X).  (b) EDAX Analysis of the Surface.

Surface Appearance of the Rotating Circular Disk
after 40 Hours Immersion in a Hi ghly Super-
saturated Calcite Solution.

Area of Inpingenent of Calcite Feed Sol ution
on the Wall of the 50-Gallon Tank.

Ceneral Appearance of Tank Walls Showi ng Uniform
Calcite Coating Deposition in the Corners.

Typi cal Appearance of Q Panel after 2 Weeks
Imersion in Supersaturated Calcite Solution (pH =

8, S =50 R=1.0).



FI GURE

FI GURE

FI GURE

FI GURE

FI GURE

FI GURE

FI GURE

FI GURE

10

11

12

13

14

15

16

17

(a) SEM Phot om crograph of Surface of a Steel

Panel that Passivated within 24 Hours \Wen Exposed
to a Supersaturated Calcite Solution (pH = 8,
S =50, R=1.0) 300X (b) EDAX Analysis of a
Portion of the Crystal Structure Shown in Figure
| Oa.

Phot om crograph of the Wiite Trace Cbserved on the
Bottom of the Q panel Shown in Figure 9 (300X).

Appearance of the U-tube after a One Week Exposure
to a Supersaturated Calcite Solution (pH = 8.3,

Ca’ = 1250 ppm HCO- = 300 ppm T = 55°C).

Appearance of Steel Coupon after 5 Days Coupled to
a Magnesi um Anode and Immersed in a Sol ution of
500 ppm Ca™ as Ca, 150 ppm HCO,, and pH = 7.8.

Appearance of Steel Coupon after 5 Days Coupled to
a Magnesi um Anode and | mersed in Natural
Seawat er .

(a) SEM Phot oni crograph of the Surface of a 1 cni
Steel Coupon Held at -0.905 Volt vs SCE for 2 Days
in a Solution of 500 ppm Ca”, 150 ppm HCQO,, and
pH = 7.8 (300X). (b) EDAX Analysis of the Surface
Shown in Figure 15a.

SEM Phot oni crograph of the Surface of a 1 cni
Steel Coupon Held at -1.05 Volts vs SCE for 18
Hours in a Solution & 500 ppm Ca”, 150 ppm

HCQ and pH = 5.0 (300X).

Crystal Layer Thickness and Cathodic Current
Versus Time Plots for a 1 cnfCoupon Held at -1.05
Volts vs SCE in a Solution OF 500 ppm Ca™, 150

ppm HCQ,, and pH = 5.0.

Y



FI GURE 18

FI GURE 19

FI GURE 20

FI GURE 21

FI GURE 22

FI GURE 23

Appear ance of Test Coupon After 5.5 Days | mersion
in a Solution & 500 ppm Ca”, 150 ppm HCQ, and
pH = 5.0 at a Potential of -1.05 volts vs. SCE.

Di sruption of the Coating Due to Hydrogen Gas
Evolution on the Test Coupon Surface after Re-
exposure for 21 Hours at a Potential O -1.3 Volts
vs SCE in a Solution of 500 ppm Ca”, 150 ppm
HCQ, and pH = 7. 8.

Surface Appearance of Test Coupon Held at -1.2
Volts vs SCE for Four Days in a Solution of 500
ppm Ca”, 150 ppm HCQ;, and pH = 7.8.

Surface Appearance of Test Coupon Shown in Figure
20 after Continued Exposure at a Less Negative
Potential of -1.05 Volts For 4 Days.

SEM Phot om crograph of Surface Area on Coupon Held
at -1.05 Volts vs SCE for 2% Days in a Sol ution of
5000 ppm Ca”, 150 ppm HCQ,, and pH = 7.8 (300X).

Surface Appearance of Test Coupon Held At -1.05
Volts vs SCE for 3 Days in a Stirred Sol ution of
500 ppm Ca”, 150 ppm HCQ, and pH = 7.8.



SECTION 1
Conclusions



CONCLUSI ONS

There exists a threshold level of relative surface velocity
and/ or turbul ence necessary for the chem cal deposition of
tenacious calcite coatings on steel from a supersaturated
cal cium carbonate sol ution.

The nodification of solution chemstry to optimze zeta
potential-related electrostatic forces does not denonstrate
any obvious benefits associated with the deposition of
calcite coatings from supersaturated calcium carbonate
sol uti ons.

In a supersaturated cal cium carbonate solution, a noderate
tenperature gradient at the solution/nmetal interface in
itself does not pronote significant deposition of calcite.

Direct cathodic current deposits a thin filmof calcite onto
a steel surface froma qui escent solution of 500 ppm Ca”
and 150 ppm HCO,. The physical and electrical characteris-
tics of such coatings are superior to that which deposits
from seawat er under the same conditi ons. The tenacity as
wel | as thickness of these coatings can be inproved by
subsequently subjecting the filmto a noderately agitated,
supersaturated calcite solution.

The ability to deposit an initial calcite film under quies-

cent conditions represents a significant and necessary

m | estone towards achieving the ultimate goal: deposition

of protective calcite film is segre owed seawater ball ast
t anks. Further research appears warranted at this tine.



‘Introduction



| NTRODUCT! ON

The shi pbuil ding industry has directed nuch effort towards
ways of reducing the ever-escalating costs associated wth
protective coatings. The conparatively high costs associated
W th coating segregated seawater ballast tanks represents a nmjor
concern. The problens wth staging, abrasive renoval, and
ventilation in these narrow, |imted-access tanks make coating
with traditional maintenance coatings (e.g. coal tar epoxy) both
difficult and expensive. Therefore, in 1980, the Ocean Gty
Research Corporation under the admnistration of Avondal e Ship-
yards began an investigation into the possible use of calcite-
type coatings as an alternative to the use of traditional mainte-
nance coatings. The concept evolved from technol ogy enployed in
the waterworks industry where calcite coatings are used for the
internal corrosion protection and lining of water mains.

It was envisioned that a calcite coating would be deposited
by flooding the tanks wth a supersaturated calcite solution
The calcite solution would be prepared by injecting the required
chemcals into water obtained froma pierside water source (e.qg.
fire main) and punping the solution into the tanks. Injection of
the chemcals would be handled from a specially equipped chem ca
tank truck on the pier.

To achieve adequate corrosion control, it was further
envi sioned that the use of a calcite-type coating would be
suppl enented with sacrificial anode-type cathodic protection, the
nunber of required anodes greatly reduced because of the re-
duction in effective steel surface attributable to the calcite
coating. It was also anticipated that, in seawater, the cathodic
current supplied by the anodes would have a tendency to deposit a

calcareous film thereby reinforcing and naintaining the calcite
coating.



The anticipated advantages associated with the calcite
coating approach were as foll ows:

1) A significant reduction in tank wall surface prepara-
tion.

2) Ease of application and mai ntenance.
3) Compatibility with safety and environmental regulations.
4) Subst antial cost savings.

An initial study (1) denonstrated that tenacious calcite
coatings could be deposited from supersaturated solutions as |ong
as there was adequate solution flow turbulence. Relatively thick
(=40 roils) coatings were deposited wthin 24 hours. W t hout
agitation, however, calcite coating deposition was negligible.
Considering the size, location, and geonetry of the typical
seawater ballast tanks, the practical achievenent of significant
solution agitation in a tank was considered limted, and thus the
feasibility of the calcite coating concept for ballast tanks
remai ned uncertain. Due to the rather significant potential cost
savi ngs, MARAD/ Avondal e aut horized the Ccean Gty Research Corpo-
ration to conduct follow up studies of the calcite deposition
process with the effort focused on determ ning nore favorable
conditions for calcite coating given the practical limtations
I nposed by the ballast tank configuration.



SECTION 3
Experimental Approach



EXPERI MENTAL APPROACH

The earlier study sought to denonstrate that the technol ogy
used in the waterworks industry for depositing calcite coatings
could be readily adapted for use in the segregated ballast tank
situation. However, the apparent inpracticality of achieving
high levels of solution agitation required for calcite deposition
using the waterworks industry approach dictated that a nore
thorough investigation of the calcite deposition process be
undertaken. The subject study was directed at devel oping a nore
fundanental understanding of the factors limting calcite deposi-
tion as well as determ ning possible ways of enhancing calcite
deposi tion. Experi ments were conducted to: (1) obtain nore
insight into the threshold velocity/turbul ence conditions requir-
ed for deposition over a reasonable time frame, (2) investigate
the effect of solution nodification so as to optimze zeta
potential effects, (3) investigate possible deposition enhance-
ment associated with a tenperature differential, and (4) investi-
gate possible deposition enhancenent associated with a com
bi nation of solution nodification and an applied cathodic cur-
rent.

Rotating Di sk Experinents

Rotating disk experiments were conducted using two different
experinental set-ups. First, tests were conducted using a set-up
simlar to that enployed in the earlier study. St eel coupons
(SAE 1018, 2“ x2“ x1/8" thick) were rotated in a 10-gallon
glass tank containing a supersaturated calcium carbonate

sol ution. The supersaturated cal ci um carbonate sol ution was
achieved by injecting cal cium chloride and sodi um carbonate into
the tank feedwater stream using chem cal nmetering punps. The

feed rate into the tank was maintained at = 1 gpm sufficiently
high to maintain a constant solution chemstry in the tank. The
chem stry of the solution was nomnally controlled so as to
mai ntain a pH=10 and a cal cium concentration of 180 ppm as CaCQ.



Cal cium concentrations were determned by an EDTA titration using
Eri ochrome Blue Black R as an indicator. Total alkalinity was
measured by a potentionetric titration wth a standard
hydrochloric acid. Solution pH was determ ned using a Chentadet
pH neter (Mdel 5984-00) calibrated with NBS traceable buffer
solutions of pH 7.00 and 10. 00. Rot ati ng coupons were exposed
for different time franes and at sel ected speeds, ranging between
240 and 350 rpm

In order to better characterize deposition/time behavior as
well as gain nore of an insight into the nucleation and growth
stages of the process, additional experinmentation was conducted
where seven coupons were rotated sinultaneously on a comon shaft
at a speed of 300 rpm (previous experinmentation showed calcite
deposition would occur rapidly at this speed). One coupon was
renmoved for inspection after an exposure time of 1/2, 1, 2, 3, 4,
and 11 hours.

Anot her set of experinments was conducted using a |-foot
di aneter circular disk rotated in a 50-gallon tank of supersat-
urated cal cium carbonate solution. The test solution chem stry
was maintained in a fashion simlar to the above-reported proce-
dures. Using a synchronous notor and appropriate gear reduction,
the disk was rotated at exactly 60 rpm providing a velocity of
3.1 ft/sec at the edge of the disk. The disk was fabricated from
steel plate (SAE 1018, hot-rolled) and had bevel ed edges in order
to limt turbulence on the bottom surface. The plate was acid

descal ed and then finished with 220 grit sandpaper. |Figures 1

and 2 show the test set-up

Modification OF Solution Chenmistry To Optim ze Zeta Potenti al
Ef fects

I n considering what might be done (in terns of nodifying
solution chemstry) to inprove calcite deposition under quiescent
conditions over that observed in the previous study, it was
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Rotating Disk Apparatus

FIGURE 1 -



FIGURE 2 - Tank Set-up for Rotating Disk Inmrersed in
Supersaturated Calcite Solution. (Aso
shown are chem cal supply tanks and netering
punps. )



deci ded to investigate whether deposition would be enhanced if
the solution chemstry were adjusted to maximze the zeta poten-
tial difference between calcium carbonate and iron oxide
(presuned to be the substrate on which deposition actually
occurs). The zeta potential occurs as a result of the charged
doubl e | ayer present on the surface of a particle in solution.
The magni tude and polarity of the zeta potential are dependent on
a number of paraneters, wth the nost inportant being solution
pH  Theoretically, there should be a pH range or pH “w ndow’
where the zeta potential of calciumcarbonate will be of opposite
polarity (opposite surface charge) to that of the steel surface
presumably covered with a thin layer of iron oxide. The i so-
electric point, the pH at which the sign of the zeta potenti al
changes frompositive to negative, is approximately 7.4 for iron
oxide and 9.5 for cal ci um carbonate. Bet ween these pH val ues,
the respective zeta potential polarities of iron oxide and
cal cium carbonate will be opposite and therefore, an attractive
el ectrostatic force should exist. Figure 3 shows graphically the
pH “w ndow where theoretically there should be an attractive
el ectrostatic force. It is of interest to note that nost of the
earlier studies were conducted at solution pH s higher than 9.5
where a repulsive electrostatic force would be expected.

To investigate possible zeta potential effects on calcite
deposition, steel coupons were exposed to varying solution
chem stries. Three solution paraneters were judged to be
inportant in devel oping the solution chemstry test matrix: (1)
the solution pH, (2) the calcium carbonate supersaturation ratio,
and (3) the carbonate to calciumion ratio. The range over which
each of the respective parameters was investigated follows:

pH: 8.0t0 9.0
CaCO,supersaturation ration : 10 to 100

CQ'/ Ca" ratio: 0.5t0 2.0



ZETA POTENTIAL
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FIGURE 3 - Graphical Representation of the pH “Wndow
Associated with Zeta Potential. (A region of
attractive electrostatic forces between calcite
and iron oxide.)



Table | [shows the full test matrix.

A conputer programwas utilized to calculate the proper
wei ghts of chemicals that had to be added to solution in order to
achieve the desired values associated with the above-listed
paranmeters. Reagent grade cal cium chloride dihydrate and sodi um
bi carbonate were used in preparing the test sol utions. When
necessary, hydrochloric acid or sodium hydroxide were added to
correct solution pH

The steel coupons were cold-rolled, SAE 1010 steel, 3" x 5“
x 0.032" [thick*. | The coupons were suspended in individual test
cells containing the different test solutions. The test cells
consi sted of sealed, 2-liter plastic containers. The coupons
were suspended from the top of the container by an electrica
lead wire. The lead wire provided an electrical contact to the
coupon in order to make corrosion potential measurenments. The
container lids included an additional port to permt insertion of
a reference electrode or chemcal sanpling. Sol ution chemstry
was nonitored by methods previously described. The potenti al
measurenents were made using a Data Precision Mdel 258 digita
mul tineter and a saturated cal omel reference el ectrode.

The solution tenperature was maintained constant at 25°x1°C
by inmrersing the test cells in a constant tenperature water bath.
The coupons were exposed for a 24-hour period. At the end of the
24- hour period, the coupons were exam ned under a m croscope
(Unitron 7941 Metallograph) wup to a magnification of 800X to
determine the extent of calcite nucleation. More in-depth
exam nations were made using a JEOL JSM 50 scanning el ectron
m croscope.

* Qpanels as supplied by the @ Panel Conpany, C evel and,
Ohi o.
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TABLE | - Test Matrix For Investigating Zeta Potential Effects

TEST NO ARk SOLUTI ON_pH cos-/ca”
1 10 8.0 0.5
2 10 8.5 0.5
3 10 9.0 0.5
4 50 8.0 0.5
5 50 8.5 0.5
6 50 9.0 0.5
7 100 8.0 0.5
8 100 8.5 0.5
9 100 9.0 0.5

10 10 8.0 1.0
11 10 8.5 1.0
12 10 9.0 1.0
13* 50 8.0 1.0
14 50 8.5 1.0
15 50 9.0 1.0
16* 100 8.0 1.0
17 100 8.5 1.0
18 100 9.0 1.0
19 50 8.0 2.0
20 100 8.0 0.5

*

Sol ution chem stries chosen for 2-week tests.

11



In addition to the 24-hour tests, longer tests were conduct-
ed over a 2-week period on those solution chem stries that
appeared prom sing based on the 24-hour results. The coupons
were exposed continuously in solutions that were refreshed daily.

Tenperature Differential Experinents

It is well known that calcite-type scaling occurs on the
cold side of boiler tubing due to an inverse relationship between
tenperature and cal cium carbonate solubility. As a result, the
possibility of using a tenperature differential between the stee
surface and solution to enhance deposition was investigated.

The experinents were carried out in a test cell containing a
U-tube through which hot water passed. The U-tube was imrersed
in the test solution. The hot water to the U tube was punped and
recirculated froman insulated, thernostatically-controlled cel
whi ch maintained the hot water at the desired tenperature. A
t hermoneter located in the bulk of the hot fluid indicated the
hot side tenperature. The cell containing the U-tube had various
ports allowing for the continuous feed of fresh test solution
whi ch kept the bulk solution chem stry constant as well as the
test solution cool. The test solution chem stry was maintained
in a fashion simlar to the rotating el ectrode experinents.
Solution chemstry, electrochem cal potentials, and bulk solution
tenperature were nonitored throughout the tests. The tests
investigated two tenperature differentials as neasured between
the test solution and hot water -- 45°C and 55°C

In rotating electrode experinents in highly supersaturated
test solutions, hard calcite coatings devel oped on a heating
el enent placed in the solution. As a result, a simlar solution
chem stry (pHel0, Ca™ = 180 ppm as CaCQ) was included in these
experiments. The other solution chemstry selected for testing
was a solution of pH=8.2 and a high cal cium concentration
(Ca”™ = 1250 ppmas CaCQ). The tests were conducted over 5-day

12



periods. At the end of the test periods, the tubes were inspect-
ed in order to characterize the extent of calcite deposition.

Sol ution Mdification In Conjunction Wth An Applied Cathodic
Curr ent

Cat hodi ¢ current causes the precipitation of calcite by
creating a local region of high pH at the nmetal surface. The
high pHis created by the reduction of dissolved oxygen as
presented by equation (1).

(1) HO + 1/20,+2e --- 20H

The result of this reaction is to shift the bicarbonate/carbonate

equilibrium (equation 2) to the right thereby supersaturating the
interface and pronmoting precipitation (equation 3).

(2) HOQ --- H+ 0O
(3) CG"+ CQ --- CaCQ, calcite

Hydrogen gas evolution occurs at higher cathodic current
densities (equation 4)

(4) 2HO + 2¢ --- H,, + 20H

In the previous study, attenpts to stinul ate or enhance

calcite deposition by applying a cathodic current were unsuccess-
ful. However, in the previous study, the effect of cathodic
current was only investigated in test solutions of high pH and
conparatively high supersaturation. Knowing that steel surfaces
catholically protected by magnesium in Seawater develop calcite-
like deposits, another attenpt was made using a test solution of
distilled water containing calciumion and bicarbonate ion in
concentrations simlar to that found in natural seawater (500 ppm
Ca’" and 150 ppm HCQ )

13



Initially, experinents were carried out using 1 x 3" SAE
1010 steel coupons that were coupled to a magnesi um anode through
an electrical lead wire and imersed in a solution simlar to
t hat descri bed above. Later experinents used smaller steel
coupons (1 square centimeter) cast into an epoxy base. A lead
w re soldered to the back of the coupon provided an el ectrical
contact. Tests were carried out at both constant potential and
constant current. For the constant potential tests, an Aardvark
Mbdel PEC- AM was used while a sinple resistive network coupled to
a voltage source was used for the constant current tests.
El ectrochem cal potential and polarization neasurenents were nade
t hroughout the tests.

For the nost part, the test solution chemstry was simlar
to that described above al though some solutions having a differ-
ent pH, different calcium or different bicarbonate concentration
were also investigated. Reagent grade calcium chloride dihydrate
and sodi um bi carbonate were used in all experinents except those
using 10,000 ppm Ca” in which a desiccant grade anhydrous
cal cium chloride was used. Coupons were inspected nicroscop-
ically as appropriate during the different test runs. Film
t hi cknesses were estimated by neasuring the distance between
bare substrate and coating peaks using a mcroscope with a
cal i brated focusing knob. Hi gher magnification, better depth-
of-field exam nations were conducted using a scanning electron
m croscope. Dependi ng on each experinent, the test durations
varied between 15 minutes to 3 weeks. |[Table Il gresents the test
matri x.
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TABLE Il - Test Matrix For Investigating The Effects O
Cathodic Current Used In Conjunction Wth
Various Solution Chemstries

CONSTANT
TEST NO qm_Ca’t ppm HCO- pH vol Lo ve SCE | unent DURATI ON  STI RRED
1 500 150 7.8 -1.5 (My anode) - - 5 days no
2 Nat ural Seawat er 8.0 -1.5 (My anode) - - 5 days no
3 500 150 7.8 -0. 905 - - 2 days no
4 500 150 7.8 30 1 day no
5 500 150 3.5 -1.05 -- 1 day no
6 500 150 5.0 -1. 05 o 18 hours  no
7 500 150 5.0 -1.05 " 5% days no
8 500 150 7.8 -1.3 - 21 hours  no
9 500 150 7.8 -1.2 T 4 days no
10** 500 150 7.8 -1.05 -- 4 days no
11 5000 150 5.0 -1.05 o 2% days no
12 500 150 7.8 -1.05 " 3 days yes

Usi ng coupon from test #7.
Usi ng coupon from test #9.
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TABLE Il - Continued

CONSTANT
TEST NO quca” ppm HCQ- pH wolts ve & | CURBENE DURATI ON STI RRED
13x** 500 150 7.8 - - 50 1 day no
14 Natural Seawat er 8.0 -1.03 (Zn anode) -- 3 weeks yes
15 10000 150 7.8 -1.03 (Zn anode) -- 3 weeks yes
16 10000 150 7.8 -1.5 (My anode) -- 3 weeks yes

*** Followed by exposure to a slightly agitated supersaturated calcite solution.

16
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Results and Discussion



RESULTS AND DI SCUSSI ON

Rotating D sk Experinents

The rotating disk experiments reconfirmed that wth
sufficient agitation or velocity adherent calcite coatings could
be built up quite rapidly in supersaturated cal ci um carbonate
sol utions. Figures 4a.|thru{4f.| illustrate the growh process
for a square disk rotated” in a highly supersaturated calcite
solution. After 1/2 hour, a grayish |ayer appears as the initial
growh on the disk surface |(Figure 4a.). This layer is quite
strongly bonded to the surface and represents initial crysta
nucleation. This layer forns a base for future growh. Figure

5a.| shows this initial |ayer as observed wth a scanning el ectron

m croscope. Energy dispersive X-ray (EDAX) analysis indicated
that calciumand iron are the major surface elements|(Figure 5b).

After 1 hour, deposition of larger calcite crystals can be
observed on the coupon edges. Wth time, the deposition
progresses inward toward the center of the coupon. After 11
hours (Figure 4f.),| a coating approxi mtely 40 roils in thickness
had devel oped uniformy over the coupon surface.

A significantly slower growth rate was observed in the
rotating disk experiments using a |-foot dianeter circular disk.
In order to obtain a coating 40 roils thick, the disk had to be

spun for 48 hours in a solution of simlar chemstry. |Figure 6

shows the typical surface appearance after 48 hours. The coating
on the surface was quite hard froma radius of 4 inches outward.
Less than 4 inches fromthe center, the coating was not as
tenaci ous or well bonded. Moving toward the center, the coating
t hi ckness decreased from 40 roils at 4 inches fromthe center to
25 mils at 1 inch fromthe center. At the very center area of
the disk, only a grayish layer, apparently the initial iron/
calcite layer, existed. This layer neasured 7 roils thick. As

17



FI GURE 4a - Appearance of a Rotating Square El ectrode
After 1/2 Hour Exposure.

FI GURE 4b - Appearance of a Rotating Square El ectrode
After 1 Hour Exposure.
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FI GURE 4c - Appearance of a Rotating Square Electode
After 2 Hours Exposure.
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FIGURE 4d - Appearance of a Rotating Square Electrode
After 3 Hours Exposure.
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FI GURE 4e - Appearance of a Rotating Square El ectrode
After 4 Hours Exposure.

FIGURE 4f - Appearance of a Rotating Square Electrode
After 11 Hours Exposure.
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FI GURE 5a - SEM Photomicrograph of the Surface of the
Rotating Square Coupon Shown in Figure 4a
(300X) .
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FI GURE 5b - EDAX Analysis of the Surface

21



e
T
PR
- LA
. ¥ e u
e Pl
- *
>, o
nn .
<, e
. ) * X5
~ My ol
v T e e
A [ B
“ a2 s
- ER
x - LR N
. Bt o -
- - 2R o -
-~ ~ 7 <A b
N ~ . P - e, A
- - v .5 ~
L. ooad
~ - - -
-
~ . - -
. M
- M «
. -
.
e - B
e -
. N
. N -
-
“ .
- - -
. -
- S . - -
»
N R ~ -
= [ V.

FIGURE 6 - Surface Appearance of the Rotating Circular D sk
After 40 Hours Immersion in a H ghly Super-
saturated Calcite Solution.
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for the square coupons, the coating process began at the disk
edge and proceeded towards the center.

During the rotating disk experinents, the tank walls
(plastic) of the 50-gallon container became coated with a calcite
layer. The area of the tank wall subjected to inpingenment from
t he makeup solution devel oped an exceptionally hard and thick
coating within 24 hours. The inpingenent velocity was =5
ft/sec. | Figure 7 |shows this area. |Figure 8 ghows the general
appearance of the tank walls not subjected to direct inpingenent.
Wil e the coating is not tenacious in these areas, it does extend
evenly into the corners.

Sol uti on novenent or agitation does not appear to be a
necessary factor in the initial or nucleation stage of the
deposition process. On the |-foot circular disk, the initial
grayish layer was evident even at the very center. Calcite
deposition was also observed on the walls of the plastic tank
even in areas of alnost zero relative surface velocity (the
corners). These observations suggest that calcite crystals either
nucl eated in the saturated solution and precipitated on the
exposed substrate surfaces or calcite crystals actually nucleated
at the substrate/solution interface because of nore favorable
surface energy conditions.

Wil e solution novenent or agitation seens to have little
influence on crystal nucleation, it does appear to have a strong
affect on both the growth stage of the deposition process and the
bondi ng/ structural characteristics of the resulting film The
| ack of any calcite coating other than the initial nucleation
| ayer at the center denonstrates the influence of solution
movenment on growth. Furthernore, the I|-foot steel disk rotated
at 60 rpmexhibited a thinner, |ess adherent, and structurally
weaker coating at points less than 4 inches from the center.
Thi s phenonena was observed consistently throughout the test
runs. At a radius of 4 inches, the nomnal surface velocity is
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FIGURE 7 - Area of Inpingenent of Calcite Feed Solution on the
Val | of the 50-Gallon Tank. (Arrow indicates region
of an exceptionally hard coating.)

FIGURE 8 - General Appearance of Tank Walls Showi ng Uniform
Calcite Coating Deposition in the Corners.
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2ft/sec. MCauley (2) reported a marked decrease in the quality
of calcite films deposited at velocities less than 2 ft/sec.

Qualitative examnation of the rotating square coupons also
suggested that the tenacity of the coating inproved towards the
edges where flow velocities and turbul ence were highest. Because
of the different configuration of the test set-up and the
different specinmen geonetry (square vs. round), it is difficult
to conpare directly the results on the square coupons wth
results of the rotating circular disk experiments. But a genera
conparison suggests that the increased turbul ence pronotes faster
growth as well as a nore tenacious coating. The tendency to have
nore adherent crystals towards the edges of the square coupon
indicates that the crystal norphology at the electrode perineters
may be different; highly turbulent conditions may lead to
t enaci ous coatings because all crystals have to be well bonded in
order to resist being washed away. A different crystalline
mor phol ogy may al so be the reason behind the nore rapid crysta
growth at the electrode perinmeters, (i.e. it presents a base nore
conducive to quick growh).

Anot her possi bl e advantage of a noving or agitated solution
over that of a stagnant solution in pronoting calcite growh can
be reasoned as foll ows. For both cases, at the nmetal/sol ution
interface, the crystals on the surface will be in equilibrium
with the solution (the interface concentration is that of
saturated solution). Mving away fromthe interface, two differ-
ent possibilities exist. Under flowi ng conditions, a supersat-
urated solution exists just beyond the interface as a result of
the solution nmovement (i.e. the solution which has just deposited
calcite on the surface is continually refreshed). Under stagnant
conditions, the solution next to the interface deposits calcite
on the surface and becones undersaturated. Further calcite
deposition requires re-saturation of the solution adjacent to the
interface. Under stagnant or quiescent conditions, this occurs
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by diffusion of the reacting species into the depleted or under-
saturated region, which is a conparatively slow process.

Modification O Solution Chemistry To Optim ze Zeta Potenti al
Effects

The experinents investigating the possible optimzation of
zeta potential effects “by solution nodification in order to
enhance deposition under quiescent conditions did not yield
promsing results. After a 24-hour period, no significant
calcite nucleation was observable on any of the test coupons
exposed to the various solution chemstries included in the test
matrix|(Table I).| After 2 weeks, only thin coatings consisting
of intermngled rust and calcite were evident. Figure 9 shows
the typical appearance after a 2-week exposure.

Al though the experinments in this phase of the study did not
provi de any obvious clues as to how to enhance the deposition
process under quiescent conditions, there were sone interesting
results worth noting. Some test panels were observed to
passivate within 24 hours when exposed to solutions of high
sodium bi carbonate concentration, low calcium chloride
concentration, and a bulk solution pH of 8. Potential s
approximately 700 mllivolts noble to the typical corrosion
potential of steel were observed, and full cathodic-anodic
pol ari zation scans reveal ed the existence of a very |arge passive
region. These test panels showed no signs of rusting at all
whereas all panels that renmained active rusted within twenty-four
hour s. I nspection with an optical mcroscope indicated the
presence of very small particles on the surface. El ectron
m croscope scans show the surface to be partially covered with
crystal growh as shown in| Figure 10a. EDAX anal ysis of the
surface crystals indicatedthe presence prinmarily of sodium
chlorine, and iron (Figure 10b). |
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FIGURE 9 - Typical Appearance of Q Panel after 2 Weks
Imersion in Supersaturated Calcite Solution
(pH=8, S=50, R=1.0).
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FIGURE 10s -~ SIM Photomicrograph ofr Surlace of a Steel FPancl
that Passivaled Within 24 Hours When Ixpcsed to
a Supersaturatec Calcite Soiution (pH = 8,
S=509 rR=1.0), 300X
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Ficuknr  10b - EDAX Analysis of a Portion of the Crystal

Structure Shown ir Figure JGe.



In one instance, a growh simlar in appearance to that
shown in|Figure 10a pwas observed on the surface of a panel
exposed in a test solution for two weeks. Interestingly, these
panel s had renai ned at active potential values (-700mv vs SCE)
for the first week of testing and then passivated as evi denced by
their corrosion potential shifting to -60mv vs SCE. The crysta
grow h could be seen without magnification (the white trace in

Figure 9). | [Figure 11 |shows this crystal growh at a magnifica-

tion of 300X. Identification has not been made of the crystals
at this tine. Also their role, if any, in the passivation of the
coupons was not determ ned.

Tenperature Differential Experinents

The tenperature differential experiments at 45° and 55°C
bot h devel oped an apparent soft calcite coating intermingled with
rust on the U-tube surface. The top surface of the coating was
easily washed away, |eaving a nore adherent [ayer of about 2 roils
in thickness. | Figure 12 |shows the appearance of this layer on
the U-tube, which devel oped over a |-week exposure in a solution
of pH=8.3, Ca"=1250 ppm and At of 55°C

The two tenperature differentials investigated (45 and 55°C)
cause approximately a factor of 2 reduction in calcite volubility
at the warmsurface. Wiile this does pronote calcite deposition
the hard coating that is observed in practice on boiler tubes and
was observed on the heating elenent immersed in a highly supersa-
turated test solution in another phase of the study did not
devel op. The tenperature at the surface of a boiler tube m ght
be as high as 115°C which would result in approximately a factor
of 4 reduction in calcite volubility (given a cooling water bulk
tenperature of 25°C). However, tenperature differential is not
the only factor affecting calcite deposition on the surface;
nucl eate boiling plays a role. As heat rapidly transfers through
the tube wall, the cooling water cannot conduct the heat away
fast enough and thus “flashes” creating a vapor colum and |eav-

29



L LA LT

. . N“ i _;w’, & - SRR
S X N ) . -
N - ey

FIGURE 11 - Photom crograph of the Wite Trace C(bserved
on the Bottom of the Q panel Shown in Figure 9
(300X) .
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FI GURE 12 - Appearance of the U-tube after a One Wek
Exposure to a Supersaturated Calcite Sol ution
(pH = 8.3, Ca”= 1250 ppm HCQ = 300 ppm
AT = 55°C).
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ing any dissolved solids behind on the tube surface. A simlar
situation mght be expected on the 1000 watt heater elenent that
devel oped a hard coating. |t should be pointed out that it is
also this factor of nucleate boiling which creates hol es and
crevices in the calcite coating on boiler tubes, resulting in
areas susceptible to enhanced corrosion

Cat hodi c_Protection/Solution Mdification Experinents

Figure 13 shows the appearance of a coupon after imersion
for 5 days in a calcite solution (500 ppm Ca”, 150 ppm HCQ,)
having a bulk solution pH of 7.8. The coupon was naintained at a
constant potential of -1.5 volts (vs. SCE) by coupling to a
magnesi um anode. Figure 14 shows the appearance of a coupon
exposed sinilarly Tnmnatural Seawater. The coatings that devel-
oped on the coupons were quite brittle and |oosely bonded. Also,
hydrogen evolving on the surface as a result of the cathodic
current flow was observed to blister and disbond the calcite
coating at different spots.

Based on the above-described results, another series of
experinments were initiated using 1 cn steel coupons controlled
at selected constant potentials or constant currents. First, a
coupon was exposed in the same calcite solution described previ-
ously (pH=7.8, Ca"=500 ppm HCQO =150 ppm) and nmintained at a
constant potential of -0.905 volt vs. SCE. This potential was
sel ected because hydrogen evolution was expected to be mninal at
this potential level. Initially, the cathodic current density to
the coupon was =40 uA/cnfi. Wthin two days the current density
dropped to less than 1 uAcnf. The test was then stopped and the
coupon renoved for exam nation. Inspection of the surface
revealed a tightly adherent, rather uniformcrystalline film
The filmthickness averaged 0.9 roils. This surface is shown in

Figure 15a.| An EDAX analysis ((Figure 15b)|confirmed that cal ci um
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FIGURE 13 - Appearance of Steel Coupon after 5 Days Coupl ed
to a Magnesi um Anode and Immersed in a Sol ution of
500 ppm Ca”as Ca, 150 ppm HCQ), and pH = 7.8.
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FIGURE 14 - Appearance of Steel Coupon after 5 Days Coupl ed
to a Magnesi um Anode and | nmersed in Natural
Seawat er .
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FIGURE 15a - SEM Phot oni crograph of the Surface of a 1 cni
Steel Coupon Held at -0.905 Volt vs. SCE for 2
Days in a Solution of 500 ppm Ca™, 150 ppm
HCO™, and pH = 7.8 (300X).
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FI GURE 15b  EDAX Analysis of the Surface Shown in Figure 15a.
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was the predom nant surface element, indicating the film was
primarily CaCQ. The decrease in current flow to the coupon is
believed attributable to the developnent of this calcite film on
the surface.

A decrease in cathodic current density will generally be
acconpani ed by a corresponding decrease in calcite filmgrowh
rate under the subject test conditions. Therefore, it was
decided to conduct a test with the current density held constant
rather than potential. A test under simlar conditions was then
run at a constant current density of 30 uA/cni for 24 hours.
Initially, the coupon potential was -0.840 volt (vs. SCE). As
the test progressed, the potential shifted in an active “direc-
tion, reaching a final value of -1.23 volts. The active poten-
tial shift was caused by the devel opnent of an electrically
resistive crystalline film on the coupon surface. The shift in
potential to such an active value resulted in hydrogen evol ution
whi ch disrupted the calcite filmin isolated areas.

Consi dering the above-described results, further tests were
conducted investigating additional solution nodifications that
woul d possibly enhance the calcite deposition/growh process.
Since the calcite deposition/gromh process under the subject
conditions is triggered by a pH gradient at the solution/
substrate interface, it was reasoned that |owering the bul k
solution pH would create a steeper pH gradient and ultimately
pronote a thicker film As a result, tests at pH=3.5 and pH=5.0
were carried out. The test coupons were maintained at a constant
potential of -1.05 volts. The test at pH=3.5 produced only a few
scattered crystals on the coupon surface after 24 hours. Howev-
er, in the test with a bulk solution pH=5, a thin uniform coating
devel oped.| Figure 16 shows the appearance at 18 hours.

Gven the promsing initial results of the pH=5 test, film
t hi ckness/cathodic current vs. tinme plots were then devel oped

over a longer period ( =7 days) in the sane solution.| Figure 17
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FIGURE 16 - SEM Phot omi crograph of the Surface of a 1 cnf Steel
Coupon Held at -1.05 Volts vs. SCE for 18 Hours in
a Solution of 500 ppm Ca”, 150 ppm HCQ,, and
pH = 5.0 (300X).
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Versus Time Plots for a 1 cm® Coupon Held at -1.05
Volts vs. SCE in a Solution of 500 ppm catt, 150
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presents these results. The coating grew toapproxi mately 3.2
roils before the current began to decrease sharply. Wth the
sharp decrease in current, the coating thickness also began to
decr ease. It is believed that with the sharp decrease in
current, the pH gradient disappeared so that the calcite coating
was exposed to approximately the bulk solution pH (5) in which
calcite would be expected to dissol ve. Figure 18 shows the
appearance of the test coupon after 5.5 days.

An attenpt was then nmade to restinulate filmgrowh on the
coupon used in above-described experiment by placing the coupon
in a solution having sinilar Ca” and HCO, concentrations (500
and 150 ppm respectively) but with a bulk pH of 7.8. The coupon
potential was also increased to -1.30 volts, causing a
corresponding increase in cathodic current density from 5 uA cni
to 100 uA cni. This approach, however, was not successful.
Hydrogen gas evol ution occurred on the surface and disrupted the
coating| (Figure 19).

A slightly different approach was then investigated. It was
reasoned that perhaps a thick coating with hydrogen-caused voids
coul d be produced at a high current density and that these voids
could be filled in at a lower current density. A test coupon was
exposed in calcite solution (500 ppm Ca~» 150 ppm HCO/, pH=7.8)
initially at a potential of -1.2 volts (high current) for 4 days
to build a thick coating (along with the voids caused by hydrogen
gas evolution.) The potential was then made |ess negative (-1.05
volts, mnimzing hydrogen gas evolution) in order to fill the
voi ds created by gas evolution at the nore negative potential.

Figure 20 shows the surface appearance after 4 days at nig

current (=500 uA/cnf) and Figure 21 shows the coupon after the
subsequent 4-day exposure to a lower current density (=40
uA/ ). The resulting coating exhibited nonuniform surface
coverage (thick in some places, thin in others) and was quite
brittle.
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FIGURE 18 - Appearance of Test Coupon after 5.5 Days | nmersion
in a Solution of 500 ppm Ca”, 150 ppm HCQ, and
pH—50at apotent|al of» -1 05 volts vs. SCE

FIGURE 19 - D|srupt|on of the Coating Due to Hydrogen Gas
Evol ution on the Test Coupon Surface after
Reexposure for 21 Hours at a Potential of
-1.3 volts vs. SCE in a Solution of 500 ppm Ca"™"
150 ppm HCQ,, and pH =7
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FIGURE 20 - Surface Appearance of Test Coupon Held at -1.2 volts
vs. SCE for Four Days in a Solution of 500 ppm Ca™,

FI GURE 21 - Surface Appearance of Test Coupon Shown in Figure 20
after Continued Exposure at a Less Negative Potential
of -1.05 Volts for 4 Days.
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Agai n, based on the sonewhat promsing results of the tests
enpl oying a bulk solution pH of 5, another test was conducted
investigating the possible benefits of increasing the Ca”
concentration, so as to increase the supersaturation ratio at the
metal interface. The initial test solution at pH=5 had a Ca"
concentration of 500 ppm However, in acidic solutions virtually
all of the carbonate is in the form of bicarbonate so that
significantly more Ca© can be dissolved in the solution. As a
result, a coupon was immersed in a test solution of 5000 ppm
Ca™, 150 ppm HCO, pH=5 and held at a potential of -1.05 volts
for 2.5 days. The results, however, were not significantly
different than those observed at the |lower Ca” concentration
(500 ppm Ca™). |[Figure 22 phows the appearance of the surface as
observed with a scanning el ectron m croscope.

At this point, the benefits of slight solution agitation in
combi nation with the inproved solution chem stry/cathodic current
approach were investigated. A test coupon was exposed in 500 ppm
Ca”, 150 ppm HCQ', pH=7.8 solution at a constant potential of
-1.05 volts, with the test solution slightly stirred using a
magnetic stirring bar. A hard, tenacious coating devel oped on
the coupon in 3 days, with a thickness approaching 12 mls at the
peaks| (Figure 23). These results are substantially different
than those obtained under simlar conditions wthout the solution
stirring -- where the devel opment of the coating was slower, |ess
uniform and |ess adherent. It is also noteworthy that the
above-described solution is significantly |ess supersaturated
than those used in the rotating disk experinments. Test coupons
i mersed under identical conditions including the stirring but
wi t hout the applied cathodic current developed no coating,
dermonstrating the inportance of the cathodic current in this
particul ar deposition schene.

Anot her experiment also denonstrated the ability of cathodic
current to enhance the deposition process under the right
conditions. A thin calcite filmwas deposited on a 3 x 5°

40



PR 11 2 LILET Y YTV

FIGURE 22 - SEM Phot om crograph of Surface Area on Coupon Held at
-1.05 Volts vs. SCE for 2% Days in a Solution of

5000 ppm Ca”, 150 ppm HCQ;, and pH = 7.8 (300X).

FI GURE 23 - Surface Appearance of Test Coupon Held at -1.05 Volts
vs. SCE for 3 Days in a Stirred Solution of 500 ppm

Ca™, 150 ppm HCQ, and pH = 7.8.
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Q panel using the solution chem stry/cathodic current described
previously. Subsequently, this panel as well as an uncoated
control panel were suspended in an agitated, highly super-
saturated solution wthout cathodic current. The panel on which
a thin filmhad first been deposited evidenced adherent, closely
packed crystal growth while the control panel evidenced no
crystal growth and sinply rusted.

A final set of tests was conducted to evaluate the
el ectrical characteristics of the calcite coating devel oped using
a nodified solution chemstry versus the calcite-like coating
devel oped in natural seawater. Test coupons were immersed in
both natural seawater and a solution of 10,000 ppm Ca”, 150 ppm
HCO, and pH=7.8. The test coupons were coupled to zinc anodes.
After 3 weeks, the coating which developed in the nodified
solution exhibited an electrical resistance
versus a resistance of <50 a-cm® for the coating devel oped in
natural seawater. In general, a higher electrical coating
resistance is indicative of a nore protective coating.

In addition to the zinc-coupled coupon nentioned above, a
magnesi umcoupl ed coupon was also exposed in the nodified
solution. This coupon devel oped a conparatively thick film (=80
roils) over the sane tine frame. However, the electrical resis-
tance of the film measured only 1500 0-cm® versus 67,000 0.cm®
for the thinner film devel oped on the zinc-coupled coupon. These
results suggest that the protective nature of the calcite film
cannot be judged solely by thickness.
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SECTION 5

Summary and Recommendations
For Future Work



SUMVARY AND RECOMMENDATI ONS FOR FUTURE WORK

As in the initial study, the laboratory tests in the subject
program denonstrated that solution flow agitation beneficially
affects the calcite coating process. Mre inportantly, however,
the subject study denonstrated that wth an appropriate
nodi fication of calcite solution chemstry, cathodic current
could be used to trigger deposition of uniform well-bonded,
conparatively thin calcite filns in a quiescent situation. In
the earlier study, attenpts to pronote or enhance the dalcite
deposition process using cathodic current were unsuccessful.

Furthernore, the results of the present study suggest that
conparatively thick, well bonded calcite filnms mght be devel oped
in a reasonable tinme frame by using a |ess saturated, |ower pH
solution chemstry in conbination with cathodic current and
slight to noderate agitation. It appears that the agitation
required will be substantially less than is required to develop a
calcite coating by strict chem cal deposition from a highly
supersaturated solution as traditionally done in the waterworks
industry. For segregated ballast tanks, a high [evel of solution
agitation conparable to that required for strict chemcal
deposition is thought to be inpractical given the geonetry of the
tank construction and relative inaccessibility. However, the
| evel of agitation that is required using the nodified approach
m ght be practically achievable in segregated ballast tanks.

Based on the nodified approach of calcite coating
deposition, the initial results appear prom sing and encourage
further work in this area. The further work should include:

(1) Characterization of cathodic current/agitation methods
that m ght be adaptable to the ballast tank situation (e.g. the
Butterworth spray equi pnent used for cleaning ballast tanks m ght
be used to provide the necessary agitation).
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(2) Denonstration of the actual corrosion protection
afforded by various coating techniques.
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